Introduction
Coke fed to the iron blast furnace serves three purposes, acts as a fuel, functions as a reducing agent and serves as a structural material supporting the deep bed of iron oxide/ fluxes that makes up much of the furnace volume. Cokes that meet these primary specifications usually, but not always, perform well in the blast furnace. Variations in carbon forms and microstructure may account for a majority of the differences in coke strength and performance. Microtextural characteristics govern the properties of coke produced from coal for industrial purposes. The carbonization of coal produces coke that exhibit a variety of microscopic textures whose optical behavior in polarized light aids in their characterization. The word texture relates to the optical properties of carbon, while structure relates to the amount and size of coke pores and walls.
Previous studies of coke structure and properties have indicated that coke petrography could be used for the following applications in the coke and iron making process: i) Study carried out by researchers has shown that coke petrography may be used for post-mortem estimation of coal properties 1, 2) and carbonization conditions. For example, if several ovens in coke oven battery were to experience hard pushes or the quality of coke from a battery were to suddenly drop, the problem could be due to improper size distribution, bulk density, blend proportion, or other physical properties of coal, or due to poor coal mixing, uneven oven heating, leakage of air into the coking chamber, or other abnormal carbonization conditions. Coke petrography techniques could be helpful in choosing between these possibilities.
ii) The addition of additives such as coke breeze, 3) iron and other metals, 4) tar, 5) pitch 6, 7) and gases-hydrogen, 8) methane 9) to coal before or during carbonization in order to improve the properties of the resulting coke have been proposed by different researchers. Coke petrography techniques could be used for selecting promising additives and for optimizing the benefits while minimizing the cost of additives.
iii) Fundamental investigation of the relationship between coke structure and quality. An understanding of the effects of dislocations, grain boundaries, alloying elements and second phase particle has led to large improvements in the quality of steel.
10) It is not unreasonable to expect similar improvements in coke quality to result from an understanding of coke microstructure.
For all these applications, quantitative relationships among carbonization conditions coke structure and coke properties shall be useful if not essential. Therefore, in this August 8, 2005 ) Coke texture is most important quality factor of blast furnace coke. A coke, as descends in blast furnace, it should retain essentially the same shape but is not true. In coke, its strength is associated with the microstructure and texture. The carbonization of coals leads to the development of coke that exhibits a variety of microscopic textures whose optical behavior in polarized light aids in their characterization. The optical microscope provides the most appropriate method for measuring these features. In this study nine coke samples of different coal blend made by stamp charging technology (Wet Bulk density 1.15 t m
Ϫ3
) were used and an attempt has been made to examine the microtexture of stamp charged coke in range of 23.4 to 24.6 % volatile matter to predict coke strength by microtexture and possibilities of establishing vitrinite distribution-coke texture relationship, if any. Results indicate that cokes contain significant proportion of isotropic carbon and different size of anisotropic carbon. Anisotropic carbon is less reactive to carbon dioxide compared to isotropic carbon and the strength after reaction depends on its anisotropic texture. With an increase in isotropic carbon M10 index deteriorates and coke reactivity index increases. In this study it was also found that all the carbon forms mentioned do not correlate well with vitrinite distribution and hence, it can be stated that micro petrographic parameters are generally not sufficient for expressing decisive properties of coke; since, coke microstructure and texture has been recognized to be of prime importance in controlling and improving the physical properties of coke.
article an attempt has been made to examine the effect of micro texture of stamp charged coke on coke strength and possibilities of establishing vitrinte distribution-coke texture relationship, if any.
Microstructure
Mackowsky and Wolff 11) reported the formation of pores as a function of coal rank and grain size. It is found that the number of pores decreases with decreasing grain size. In prime coking coals, this effect begins below a grain size of 0.5 mm; while in coals of lower rank diminution is evident in the coarse size fraction. Measurements showed that the mean pore diameter in the 3 to 5 mm size fraction is the highest in the prime coking coal, whereas the number of pores per grain is highest in coals of low rank of coal. The reasons for this are the different degree of softening, difference in the amount of gas released in the plastic zone and different conditions for the diffusion of the gas out of the grains. A pore is formed in the softened coal whenever the quantity of gas generated within the grain exceeds the quantity of the gas escaping by diffusion during the same period of time by an amount sufficient to generate a gas bubble. The pressure which builds up in grain makes it swell by the formation of pores. Without swelling it would be impossible to obtain coherent lump coke from finegrained coal blends.
Many researchers found that the structure of coke is related to the reactivity of the coke and the reactivity is greatest in cokes from low rank coals having greatest pore volume, least from medium rank coals and intermediate from high rank coals. CSR and CRI are linearly related in N.S.C method.
Studies at the British Carbonization Research Association [12] [13] [14] have shown that the pore structure of coke is largely determined within the plastic layer of coal during carbonization. The mechanism can be divided into four phases: i) nucleation of pores within the larger coal particles (no pore formation takes place at this stage in particles smaller than approximately 0.2 mm before their separate identity is lost); ii) Intra-particulate pore growth followed by swelling and fusion when the inter-particulate voids are completely filled; iii) fusion pore growth to a maximum size and iv) a decrease in pore size resulting in compaction of the structure near the solidification temperature. The pore tends to be spherical in shape if there is no inert nearby. The pore size is distance between circumferences passing through center generally measured in micron, in case of irregular shape length and breadth are measured and average is considered as pore diameter and distance between two pores are measured as cell wall thickness. The evaluation of coke structure in terms of pore diameter and cell wall thickness on a microscope scale is termed microstructure, while the forms, the content of constituents in cell wall material are known as microtexture. Both the pore and cell wall thickness attain maximum values within the plastic zone. The microstructures formed by individual coal grains are directly related to their microlithotypes. The behavior of microlitotypes during carbonization is the behavior of macerals of which they are composed especially when the microlithotypes consist mainly or wholly of one maceral. In those which contain two or more macerals, some interaction between macerals occurs and hence the coke from such an intimate mixture of macerals differs.
Development of Micro Texture
The material that constitutes the cell walls of coke is an alteration product of coal macerals as a result of high temperature carbonization. The forms, bonding and composition of these constituents is highly dependent on the rank and type of coal charged. Carbonization conditions, namely the rate of heating, pressure exerted during coking and maximum temperature, have a marked effect on the resultant microtexture. [15] [16] [17] [18] The proportion of different reacted material is related to the vitrinite reflectance of the parent coal and as the vitrinite reflectance increases, the degree of anisotropism and domain size of carbon forms produced also increases. The large sized organic as well as inorganic inerts not only create hindrance in the growth of domain size but also form fissures in cell walls of the coke. Exinite depending on rank, mainly contribute to the by-products recovered during carbonization and initial coke pore development. The organic inert micro-components are normally isotropic but may show strain anisotropy at times. They retain most of their shape and texture from coal and are bonded to the reacted types. They do not develop pore during carbonization.
Size and Shape of Optical Texture
There is no international consensus on the classification on the classification of microtextural forms, although distinct categories are apparent in most of the classification schemes reported in the literature. In general terms, it is found that aromatic systems, such as anthracene, form cokes with large sized optical textures of flow domain. The presence of heteroatoms and functional groups in the reacting molecules generally brings about a decrease in size of optical texture. This is because cross linkage is facilitated between constituent molecules at too early a stage in the growth of mesophase. This in turn creates a system which has too low fluidity such that the growth units of mesophase cannot coalesce but remain small and so creates the optical texture of mosaics. Reacted or binder phase carbon forms are based on the rank (Vitrinite reflectance) of the coals used to produce coke.
The naming of textures used in this study follows that of Chaudhary S. G. of CFRI Dhanbad, 19) and summary is presented in Table 1 .
Filler Phase Carbon Forms
Filler phase carbon forms are organic and inorganic inerts which do not passes through plastic phase during carbonization and are related to the maceral composition and mineral matter contained in the parent coal. Particles retain most of their shape and texture from coal and bonded to the reacted types. Fine size organic inerts in association with reactive components, increases the strength of coke, decreases reactivity (CRI) and increases coke strength after reaction (CSR). Large organic inerts cause increased fissur-ing reduced strength and increased reactivity to CO 2 . It has been observed that iron, calcium, and alkali elements increases reactivity (CRI) and also decreases coke strength after reaction (CSR) 19) Most clayey mineral matter appears black under immersion and some times are difficult to differentiate from pores. Naturally weathered/oxidized coal is semi-inert to inert during carbonization. The appearance of oxidized grain in coke is isotropic, often exhibiting cracks unrelated to original coal cleats, low edge relief, minimum of pores and softening.
Experimental
The cokes used in this study were collected from Tata Steel's Battery No. 8. The stamp charge Battery No. 8 is new and well equipped with modern available technologies to take care of pollution and environment norms. The details of the oven and the charged cake are given in Table 2 . The cokes were made by stamp charging technology using different blends (prime coking coal (5-12) %, medium coking coal (35-48) %, hard coking coal (5-12) %, semi-soft coal (30-42) % from Australia, and Anthracite (0-6) %). The carbonization time is the time between coal cake charging into the oven and coke pushing i.e. the time actually spent by coal cake inside the coke oven. In the present case the carbonization time varied between 19 h 39 min and 20 h 15 min. The flue temperature is the average temperature of charging side, middle and coke pusher side temperature which varied between 1 317°C and 1 342°C. In stamp charging it is not possible to measure the center mass temperature and, therefore, coke end temperature (CET) was measured at the time of coke pushing using an optical pyrometer. CET varied between 1 005°C and 1 043°C. Nine different coal blends were used for the carbonization experiments. The coal samples were collected from the stamping machine and were tested for their proximate and petrographical analysis as per Indian Standard methods. The blend composition and proximate analysis results are listed in Table 3 together with operating conditions. The blends are medium volatile in the range from 23.4 to 24.6 % (db). The ash percentages of various coal blends tried ranged from 12.1 to 13.8 % (db). The wharf coke samples (approximately 1 000 kg) were collected for every experiment. Each sample was subjected to screen analysis on 100 mm, 80 mm, 50 mm, 40 mm, 30 mm, 20 mm and 10 mm size screens. The plus 50 mm size coke was subjected to a stabilization test as per the Indian Standard IS 7189 (1974). The plus 50 mm size cokes obtained after stabilization were tested for their room temperature strength properties using a Micum drum. Stabilized coke was also tested for high temperature strength (CSR and CRI) using NSC (Nippon Steel Corporation) method. The test exposes 200 gms of minus 21 plus 19 mm coke to carbon dioxide at 1 100°C for 2 h. The reacted coke sample is then placed in an "I-Drum" which is rotated at 20 rpm for a total of 600 revolutions, after which, the coke is screened at 10 mm. The CRI is calculated as the percent of the original sample weight lost during the reaction, while the CSR is the percent of reacted sample remaining at plus 10 mm after tumbling in the "IDrum", results are shown in Table 4 . For microscopic studies 5 kg coke sample was crushed to minus 3 mm size and by using coning and quartering method 100 gm sample was prepared and mounted on carnauba wax. The mounted sample was polished using silicon carbide coated grinding papers of 320, 400, 600 grids respectively, followed by buffing on blazer cloth using alumina polishing compounds (1.0 and 0.3 mm). The polished specimen was dried using an air dryer prior to microscopic studies. The microscopic studies were conducted using Leitz Orthoplan (MPV-3) microscope for identification of the carbon types and the type of the texture. Polished sec-© 2005 ISIJ Table 3 . Some properties of blended coal and operating conditions of oven. tions were secured by movable stage and examined with 500 magnifications in oil immersion under reflected light. For quantification of the textural unit manual point counting was employed and 1 200 point counts were taken from two duplicate samples (pellets of 1 square inch size) in each case and results are shown in Table 4 .
Results and Discussions
Coke texture is most important quality factor of blast furnace coke. A coke, as it descends in a blast furnace, should reduce in size through surface erosion and gas solid reaction at the surface and ideally it should retain the same shape. This, however, is not true as indicated by many researchers after studying tuyers sample of blast furnace. It is conceivable that non uniform coke texture could promote preferential attack through mechanical and chemical means and coke can be degraded into several pieces and blast furnace operators measure it in terms of CSR and CRI.
Coke strength after reaction is related to blend properties such as rank, coal ash chemistry, rheology and petrography. CSR has nonlinear relation ship to rank, decreasing at high and low ranks. Table 5 presents the details of CRI and CSR carried out. Nine samples were tested three times each for CRI and CSR. CRI and CSR are linearly related in NSC method The CRI of coke sample covered a range; 27 to 31.8 and CSR covered a range; 55.3 to 65. 3 The maximum deviation from mean of CRI and CSR varied from Ϫ0.3 to ϩ0.8 % and from Ϫ0.6 to ϩ0.9 % respectively. The variations observed are significant due to heterogeneous nature of coke properties and the broad objective of designing coal blend, depending on the carbonization technology adopted is to produce consistent coke quality and maintaining safe oven wall pressure.
Influences of Coke Texture on Coke Strength
Examination of the polished surface of the coke by polarized light using optical microscopy shows that the metallurgical coke is porous and the solid pore wall material of coke has composite texture. In this case carbon forms were counted separately and anthracites were considered as anisotropic because in MPV-3 microscope it was not possible to distinguish anthracite as a separate group, results are summarized in Table 4 . In sample no. 1 CSR value (64.8) was maximum when anisotropic, total mosaic and fine mosaic were 65.6, 52.9 and 30.1 vol% respectively where as CSR value (56.1) was minimum in sample no. 8 contains anisotropic 63.5 vol%, total mosaic 44.7 vol% and fine mosaic 24.4 vol%. It appears that variations in CSR value is due to anisotropic, total mosaic, fine mosaic, flow and lamellar texture.
It can be also seen from Table 4 that CSR of cokes which contain no anthracite is less compared to coal blends which contain anthracite. Reasons may be anthracites carbonize without significant softening such that resultant coke is highly anisotropic because of preservation of the inherent anisotropy of parent coal and at the same time it has antifissurant properties. Therefore, it appears that in stamp charging addition of anthracite (5-6 %) is beneficial for CSR if economy permits.
Depositional carbons result from the thermal cracking of gases as they encounter hot surface. They provide indications of thermal conditions in the coke ovens, and can also decrease the coke reactivity to carbon dioxide.
The strength of a brittle, porous material such as coke is strongly dependent on its porosity, described in terms of volume fraction, morphology and size distributions, and coke strength decreasing with increasing volume fraction of porosity. 20) It was observed, as shown in Table 4 that porosity varies from 12-27 % whereas volatile matter is in the range of 23.4-24.6 %. When considering constant bulk density, almost constant volatile matter higher variation in commercial coke porosity data is common, the change in real data will affect other texture data. For a coke of given porosity, its strength must be dependent upon the composition of the solid pore-wall material.
Comparing the M 10 and CRI with isotropic carbon shows an increase in M 10 and CRI with increasing isotropic carbon. Figures 1 and 2 show dependency of M 10 and CRI on isotropic carbon of cokes tested. In Fig. 2 it can be seen that Table 5 . Variations in coke reactivity index and coke strength after reaction. isotropic carbon and CRI in sample no. 5 are 8.5 vol% and 30.2 where as in sample no. 6 and 7 isotropic carbons is 3.4 but CRI varies from 26.5 to 27.6. Sample no. 2 and 9 have isotropic carbon 2.5 and 6.2 vol% and CRI values are 28.1and 26.9 respectively. In our opinions these variations are due to variations in thermal conditions in oven from wall to center. Cokes near wall are more thermally stable than center and such type of variations is common in stamp charged coke. This implies that increase in isotropic carbon will make a coke weak and reactive. It is established that anisotropic carbon is less reactive to carbon dioxide than is isotropic carbon, there may be two reasons for this: a lower surface area of the carbon available for reaction and the intrinsic reactivity may be lower for molecules which constituent anisotropic carbon. Hence, the formation of isotropic carbon in metallurgical coke maximizes reactivity.
21)
Figures 3 and 4 show a relation of mosaic carbon with CSR. Figure 3 sows the effect of total mosaic on CSR. It can be seen that mosaic has positive effect on CSR but sample no. 3, 4 and 9 have mosaic carbon 63.6, 61.2 and 34.7 vol% where as CSR values are 60.9, 59.3 and 63.8. These variations may be explained by operating conditions in Table 3 . In sample no. 3 carbonization time 19 h and 57 min higher than other samples. It appears that operating conditions like carbonization time and thermal condition in ovens are also important factors for achieving higher CSR. The Fig. 4 presents the effect of fine mosaic texture on CSR value. This is known that formation of micro texture take place at lower temperature but stabilization of textures are complemented at higher temperature. In sample no. 7, 9 and 1 fine mosaic value are 34.6, 25.9 and 30.1 whereas; CSR values are 60.9, 63.8 and 64.8. CET temperatures in above samples are 1 005, 1 030 and 1 040 degree centigrade whereas carbonization times are 19 h 39 min, 19 h 57 min. and 20 h 07 min. Figures 3 and 4 implies that coke produced from given rank of coal, a higher CSR can be obtained by producing mosaic structure, especially by fine mosaic and stabilization at higher temperature for longer time. This may be due to fact that mosaics, randomly orientated are more resistance to crack propagation and fracture than is the isotropic carbon or the flow type anisotropy carbon.
As can be seen from Figs. 5 and 6 more the anisotropic carbon has positive effect on where as isotropic carbon has negative effects on the coke strength at high temperature.
The Effect of Coal Petrography on Coke Texture
The physical and chemical properties of the coal blend control the carbonization system and this, in turn is important in controlling the size and shape of texture in coke. Coal macerals behave differently from one another but in general can be grouped into reactive, which become plastic and form coke bonds when heated and inert which act as filler and remain less altered by heating. Vitrinite generally becomes plastic between 330°C and 360°C. Massive vitrinites first develops elliptical vacuoles attrital vitrinite with abundant micrinite forms irregular to fusiform vacuoles. As the temperature increases, the vacuoles, or pores expand and some capture occurs. At approximately 425°C the mosaic structure develops in vitrinites. 22) When the attempts were made to relate the vitrinite distribution to texture of coke, difficulties arise with isotropic carbon because, although isotropic may be convenient and useful for lower rank of coal, they are the result of extremely complex inertinite group. The outcome is that it is difficult to analyze isotropic results in terms of vitrinite distribution because isotropic carbon was found even in higher vitrinite distribution of coal blend as shown in Tables 4 and  6 . In microscopic coalifications, only random (R r ) or the maximum vitrinite reflectance (R max ) is usually indicated. This may depend on country of origin, e.g. in the USA and Canada R max is preferably determined. R max measurements © 2005 ISIJ have a considerably smaller range at high degree of coalification. For the calculation of R max we use following equation 23) R max ϭ1.066 R r
In the present petrography analysis of different plant coal blends reflectance is measured on vitrinite grains and termed as Average Reflectance in oil (R o ), and may be converted to R max by using above mentioned equation if required. Vitrinite reflectance is acceptable parameter of coalification and is accurate enough for comparative study. Table 6 shows that the coal blends are sufficiently high in rank (R o varied from 1.09 to 1.21 %) and the vitrinite ranges from 51.2 % to a high of 56.8 %. The inert in the coal blends range from 33.1 % to a high of 39.9 %.
The distributive pattern of the type of vitrinite (V-types) present in blend shown in the Table 6 affects coke texture and hence, the coke strength. Figures 7 to 10 show the dependence of isotropic carbon, mosaic, flow and lamellar on V7, (V8ϩV9ϩV10), (V11ϩV12) and (V13ϩV14ϩV15ϩ V16) respectively. Comparing the vitrinite distribution with different carbon forms shows, isotropic carbon may form in higher vitrinite distribution which does not match with the previous findings (top charging). It seems that all the carbon forms mentioned do not correlate well with vitrinite distribution as shown in above Figs. and can be stated that the micro-petrography parameters are not sufficient for expressing all decisive properties affecting the coking process in stamp charging process. The need for having a uniform and well stabilized coke texture consisting of isotropic and anisotopic carbon and good distribution among more reactive and less reactive texture is essential for achieving good quality of coke which will minimize the degradation of the coke in the blast furnace. 
Conclusion
From the information presented in this paper it can be concluded that the strength after reaction depends on its anisotropic texture-the smaller size mosaic texture contributes to higher post strength. It is concluded that there exists an influence of isotropic carbon on M 10 index. With an increase in isotropic texture, the M 10 index deteriorates. It is also concluded that the presently accepted method of coal petrography is widely used to control the quality of coke but in stamp charging of coke making, supplemented by coke petrography is better option to produce a uniform coke texture consisting of anisotropic and isotropic carbon for achieving high temperature strength of coke.
